Introduction and background
===========================

Hyperhidrosis affects 220 million people worldwide. The hallmark of this condition is excessive sweating, which negatively impacts the social, emotional, and occupational lives of these individuals. Hyperhidrosis can either be classified as primary or secondary. In primary hyperhidrosis, there is no underlying medical condition which causes the patient's excessive sweating. In secondary hyperhidrosis, medications or endocrine diseases are usually the actual cause of excessive sweating. The sweating is either localized or generalized and is experienced in the hands, axillae, feet, or face.[@b1-ccid-11-477] Sweat is secreted from eccrine glands in response to cholinergic stimulation. These simple, coiled tubular glands assist in the maintenance of body temperature in response to exercise or heat exposure. There are between two and four million eccrine sweat glands mostly located on the hands, feet, head, axillae, and groin. Physiologic secretion of sweat is mediated primarily by the neurotransmitter acetylcholine (ACh).[@b1-ccid-11-477]

Current treatment options available for patients with hyperhidrosis have an anticholinergic mechanism of action. Over-the-counter aluminum-based antiperspirants are first-order therapeutics, whereas anticholinergic treatments are second-order therapeutics. Anticholinergics competitively inhibit ACh at muscarinic receptors. Glycopyrrolate (off-label) is one of the most commonly used drugs by physicians for hyperhidrosis. However, long-term usage and adverse side effects, such as dry mouth, confusion, dizziness, and blurred vision, could render this treatment option unsafe in some individuals.[@b1-ccid-11-477] An additional option, especially for those with axillary hyperhidrosis, is an injection of botulinum toxin. Botulinum toxin treats hyperhidrosis by irreversibly blocking the release of ACh from presynaptic bulbs at postganglionic nerve endings.[@b2-ccid-11-477] When all conservative treatment options fail, some patients opt to undergo an endoscopic thoracic sympathectomy. This method is relatively successful in resolving symptoms, but a significant portion of patients experience compensatory sweating.[@b1-ccid-11-477]

It is generally accepted that primary hyperhidrosis is a familial disorder. One study found that 62% of those who have primary hyperhidrosis reported a family history of the disease with an autosomal dominant pattern of inheritance.[@b3-ccid-11-477] However, there is no exact known cause of hyperhidrosis, and thus, there has been minimal investigation into the specific genes involved.[@b4-ccid-11-477] The aim of this study was to determine possible genetic variations contributing to primary hyperhidrosis, specifically single-nucleotide polymorphisms (SNPs). By linking a specific genetic cause to primary hyperhidrosis, the mechanism of action can be elucidated and assist in identification of new therapeutic targets.

Butyrylcholinesterase (BChE) and the *BCHE* gene
------------------------------------------------

ACh is the neurotransmitter released by the preganglionic neurons of the sympathetic and parasympathetic nervous system as well as the postganglionic neurons of the parasympathetic nervous system. ACh is also the neurotransmitter released at the sweat glands of the sympathetic nervous system. Within the synaptic cleft, acetylcholinesterase (AChE) quickly hydrolyzes ACh into choline and acetate. Since AChE quickly hydrolyzes ACh, it is possible that AChE is involved in the regulation of sweating.[@b5-ccid-11-477] BChE, also known as pseudocholinesterase, is synthesized in the liver and secreted into the blood. Until recently, the physiological role of BChE was unknown. BChE plays a supporting role in the hydrolysis of ACh that is apparent once AChE is inhibited.[@b6-ccid-11-477] Another proposed role of BChE is that it functions like a bodyguard, protecting the ability of AChE to break down ACh in the synaptic cleft. This is because BChE has a much larger spectrum of compounds that it hydrolyzes when compared with AChE. In order for a cholinesterase inhibitor to act upon AChE, it theoretically may have to bypass BChE first.[@b7-ccid-11-477]

Studies have confirmed that genetic polymorphisms in the *BCHE* gene ([Figure 1](#f1-ccid-11-477){ref-type="fig"}) influence the levels of serum-active AChE in the body, specifically rs2668207 and rs2048493. Howard et al suggest that "In participants with at least one minor allele, AChE levels were lower by 4.3%--9.5% at all time points" throughout the study.[@b8-ccid-11-477] One SNP of interest on the *BCHE* gene is the K-variant (rs1803274), which replaces alanine with threonine at codon 539 ([Figure 2](#f2-ccid-11-477){ref-type="fig"}).[@b9-ccid-11-477] It is one of the most common and well-studied variations in the *BCHE* gene. It is associated with a 30% reduction in the activity of serum BChE due to the resulting structural instability.[@b10-ccid-11-477] However, recent studies have found that also possessing the --116A (rs1126680) variant is necessary to observe the decrease in serum AChE levels.[@b11-ccid-11-477],[@b12-ccid-11-477]

The cholinergic receptor nicotinic Alpha-7 subunit and the *CHRNA7* gene
------------------------------------------------------------------------

The CHRNA 7 gene encodes the Cholinergic Receptor Nicotinic Alpha-7 subunit. Nicotinic ACh receptors are ligand-gated ion channels that mediate the effect of ACh and are highly expressed throughout the peripheral and central nervous systems. CHRNA 7 polymorphisms have been associated with cholinergic neurotransmission abnormalities observed in Alzheimer's disease.[@b13-ccid-11-477] Recent immunohistochemical research on patients with hyperhidrosis revealed that there is a higher expression of ACh and the cholinergic receptor nicotinic alpha-7 subunit in the sympathetic ganglion of those with hyperhidrosis compared with controls. The ganglion diameter was also larger in patients with hyperhidrosis.[@b14-ccid-11-477]

In summary, the physiology of sweating and effective treatment options available strongly suggest a cholinergic system pathophysiology in primary hyperhidrosis. The genetic evidence shows an autosomal dominant mode of inheritance, but research has yet to identify the specific genes involved. The purpose of this study was to determine genetic variations on the *BCHE* and *CHRNA7* genes that may be responsible for primary hyperhidrosis.

Patients and methods
====================

A non-invasive buccal swab was used to collect DNA samples from 21 case and 21 control participants. All participants completed an enrollment questionnaire containing the following elements: if they carry a diagnosis of hyperhidrosis, ingestion of glycoalkaloid plant foods, sweating severity on a scale of 1--10, farming occupation, history of delayed recovery after anesthesia and any other diagnosed endocrine, metabolic, or neurological medical conditions. Case participants were defined by either an official diagnosis of primary hyperhidrosis by a physician or self-reported by the patient. Control participants were defined as not having a diagnosis of primary hyperhidrosis and no subjective complaints of excessive sweating.

All samples were then sent to the University of Arizona Genetic Core for DNA extraction and genotyping. Twenty SNPs associated with the *BCHE* and *CHRNA7* genes were chosen for analysis. For the *BCHE* gene: rs1126680, rs114706984, rs121918556, rs121918557, rs121918558, rs1355534, rs1355538, rs1799807, rs1803274, rs2048493, rs2668207, rs28933389, rs28933390, rs4263329, rs4680662, and rs829508. For the *CHRNA7* gene: rs8024987, rs6494223, rs3087454, and rs1355920.

Genotyping was performed with Agena Mass Array for 19 of the 20 SNPs. The K-variant (rs1803274) on the *BCHE* gene was genotyped by Taqman assay to avoid proximal SNP errors. Testing for Hardy--Weinberg equilibrium, *P*-values were performed for each SNP using Graffelman's exact test implemented into the Comprehensive R Archive Network software.[@b15-ccid-11-477] *P*-values were calculated to test the null hypothesis of independence between variation and case/control status using the Fisher's exact test algorithm.[@b16-ccid-11-477] False Discovery Rate (FDR) *P*-values were also calculated to adjust for common errors seen in genetic association tests caused by multiple comparisons. The Benjamini--Hochberg procedure was chosen over the Bonferroni correction due to its statistical power advantage.[@b17-ccid-11-477] This statistical analysis was further separated into cases with and without a diagnosis of primary hyperhidrosis from a physician.

Ethics approval
===============

This study was approved by the Alabama College of Osteopathic Medicine Institutional Review Board on March 13, 2017.

Results
=======

Sixteen SNPs on the *BCHE* gene and four on the *CHRNA7* gene were successfully genotyped for all 42 participants in the two cohorts. A heatmap was generated to visualize this multivariate dataset, sorted by each SNP and sample number ([Figure 3](#f3-ccid-11-477){ref-type="fig"}). The majority (88%) of the participants in both cohorts were of Caucasian descent. The average age for case participants was 47 years, and 37 years for control participants. A total of 71% of case participants were female compared with 52% of control participants. The body mass index (BMI) average for case participants was 29, and 27 for control participants. The average self-reported sweating severity in case participants was 7.7 out of 10 compared with 3.0 out of 10 for control participants. No significant differences in glycoalkaloid food consumption were observed between the case and control participants. Seven of the case participants did not carry an official diagnosis of primary hyperhidrosis from a physician but were still included due to the overall subjective nature of the diagnosis. Statistical analysis of all four SNPs on the *CHRNA7* gene returned no significant evidence of association.

Of the forty-two participants, nine were heterozygous for the *BCHE* K-variant (rs1803274). A total of 67% of those with the K-variant were case participants and 33% control participants. One control participant (ACOM043B) was homozygous for the mutation but did not possess the --116A variant allele. All 21 control participants did not possess the --116A variant allele ([Figures 4](#f4-ccid-11-477){ref-type="fig"} and [5](#f5-ccid-11-477){ref-type="fig"}). For rs1126680, the --116A variant allele (*P*-value=0.15) was found only in hyperhidrosis patients who also had the K-variant allele (*P*-value=0.65) in rs1803274. The K-variant and the --116A variant are the two SNPs with the strongest observed association. When accounting for multiple comparisons, the FDR adjusted *P*-value, a measure of what percentage of statistically significant values will be false positives, for both SNPs was 1 ([Table 1](#t1-ccid-11-477){ref-type="table"}). Further analysis testing the null hypothesis of independence between the combined genotypes and case/ control status yielded a *P*-value of 0.30.

In summary, 18 of the 20 SNPs that were investigated did not show an association with primary hyperhidrosis. However, the possession of both the --116A and K-variants on the *BCHE* gene was exclusively associated with cases of primary hyperhidrosis.

Discussion
==========

The results of the study are consistent with previous research that shows the K-variant requires the --116A variant to be present in order to observe a decrease in BChE activity levels.[@b12-ccid-11-477],[@b19-ccid-11-477] Furtado et al found "Mean BChE activity in obese and control samples was significantly lower only when the −116A mutation was present" among all participant groups.[@b11-ccid-11-477] Additional studies found that 50% of subjects with BChE activity \<2000 U/L possessed the --116A variant.[@b18-ccid-11-477]

In our study, 15 out of 21 of the hyperhidrosis patients possessed neither the K-variant nor the --116A variant. Like many medical conditions, hyperhidrosis could be a multifactorial disease with genetic or lifestyle factors that the study did not account for. For example, sympathetic stimulants, such as caffeine could cause symptoms in patients with an otherwise normal cholinergic system. The subjective nature of diagnosis and lack of a definitive test for hyperhidrosis (ie, no blood test) may have also led to some cases having hyperhidrosis secondary to another medical condition, such as anxiety or hyperthyroidism.

The results of this study support the theory that the cholinergic system potentially plays a role in primary hyperhidrosis. The --116A and K-variants affect the structural stability of BChE, reducing its activity and ability to hydrolyze cholinesterase inhibitors. Future research confirming this association would allow for more advances in both the understanding and treatment options of primary hyperhidrosis.

Conclusion
==========

In patients with primary hyperhidrosis, this study identified two SNPs of interest on the *BCHE* gene. These results are not statistically significant (*P*-value\>0.05), but the exclusive association between the --116A and K-variants on the *BCHE* gene in hyperhidrosis patients warrants further investigation in future studies, including a larger sample size. The high Benjamini--Hochberg FDR-adjusted *P*-values observed in our study indicated a lack of statistical power that may be corrected by increasing the number of participants.

We suggest that future studies also investigate variables associated with the inhibition of AChE since the role of BChE was not evident until studies inhibited AChE. Some examples of variables include AChE inhibitors, such as organophosphates used in pesticides and natural glycoalkaloid toxins produced by plants of the Solanaceae (nightshade) family. These plants include commonly ingested foods, such as potatoes and tomatoes. Based on our hypothesis, those with variants in the *BCHE* gene would be more susceptible to inhibition of AChE, leading to hyperhidrosis symptoms.

While the SNPs that were studied for the *CHRNA7* gene produced no statistically significant results, previous immunohistochemical studies showed overexpression of *CHRNA7* receptors in the sympathetic ganglia of hyperhidrosis patients. Including a broader range of SNPs on the *CHRNA7* gene in future studies could yield better results.
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![Idiogram of Chromosome 3 -- *BCHE* gene on 3q26.1.\
**Abbreviation:** *BCHE*, Butyrylcholinesterase.](ccid-11-477Fig1){#f1-ccid-11-477}

![*BCHE* K-variant -- The alanine nucleotide is replaced by a threonine nucleotide at the 539 codon.\
**Abbreviation:** *BCHE*, Butyrylcholinesterase.](ccid-11-477Fig2){#f2-ccid-11-477}

![SNP visualization via clustered heatmap.\
**Notes:** The box for each SNP position indicates whether the sample has the most common variation (gray) or any other variation (black).\
**Abbreviation:** SNP, single-nucleotide polymorphism.](ccid-11-477Fig3){#f3-ccid-11-477}

![Allelic distribution sorted by SNP (including seven cases without a diagnosis of primary hyperhidrosis).\
**Note:** The bar charts indicate overall counts of all variations broken down separately for case and control populations.\
**Abbreviation:** SNP, single-nucleotide polymorphism.](ccid-11-477Fig4){#f4-ccid-11-477}

![Allelic distribution sorted by SNP (**excluding** seven cases without a diagnosis of primary hyperhidrosis).\
**Note:** The bar charts indicate overall counts of all variations broken down separately for case and control populations.\
**Abbreviation:** SNP, single-nucleotide polymorphism.](ccid-11-477Fig5){#f5-ccid-11-477}

###### 

Association of SNPs in the *BCHE* and *CHRNA7* genes with hyperhidrosis

  Gene                                                   SNP                                                    Position[a](#tfn1-ccid-11-477){ref-type="table-fn"}   HWE *P*-Value        *P*-values                                
  ------------------------------------------------------ ------------------------------------------------------ ----------------------------------------------------- -------------------- -------------------- ------ ------ ------ ---
                                                                                                                                                                                                                                     
  *BCHE*                                                 rs1126680[c](#tfn3-ccid-11-477){ref-type="table-fn"}   165,837,337                                           1                    0.02(0.05)\[0\]      0.15   1      0.49   1
  rs114706984                                            165,830,399                                            1                                                     0.01(0)\[0.02\]      1                    1      1      1      
  rs121918556                                            165,786,255                                            ND                                                    0(0)\[0\]            ND                   1      ND     1      
  rs121918557                                            165,829,962                                            ND                                                    0(0)\[0\]            ND                   1      ND     1      
  rs121918558                                            165,830,567                                            ND                                                    0(0)\[0\]            ND                   1      ND     1      
  rs1355534                                              165,788,069                                            1                                                     0.27(0.29)\[0.26\]   0.67                 1      1      1      
  rs1355538                                              165,787,389                                            0.74                                                  0.5(0.5)\[0.5\]      0.81                 1      0.84   1      
  rs1799807                                              165,830,741                                            ND                                                    0(0)\[0\]            ND                   1      ND     1      
  rs1803274[c](#tfn3-ccid-11-477){ref-type="table-fn"}   165,773,492                                            0.44                                                  0.13(0.14)\[0.12\]   0.65                 1      0.45   1      
  rs2048493                                              165,826,514                                            0.47                                                  0.35(0.31)\[0.38\]   1                    1      0.83   1      
  rs2668207                                              165,775,936                                            0.73                                                  0.4(0.43)\[0.38\]    0.44                 1      0.51   1      
  rs28933389                                             165,830,222                                            ND                                                    0(0)\[0\]            ND                   1      ND     1      
  rs28933390                                             165,829,781                                            ND                                                    0(0)\[0\]            ND                   1      ND     1      
  rs4263329                                              165,821,822                                            1                                                     0.12(0.10)\[0.14\]   0.71                 1      0.72   1      
  rs4680662                                              165,798,762                                            1                                                     0.27(0.29)\[0.26\]   0.68                 1      1      1      
  rs829508                                               165,784,936                                            1                                                     0.27(0.29)\[0.26\]   0.68                 1      1      1      
  *CHRNA7*                                               rs8024987                                              32,044,027                                            1                    0.25(0.24)\[0.26\]   1      1      1      1
  rs6494223                                              32,104,256                                             1                                                     0.45(0.54)\[0.36\]   0.65                 1      0.23   1      
  rs3087454                                              32,028,764                                             0.47                                                  0.37(0.40)\[0.33\]   1                    1      0.70   1      
  rs1355920                                              32,065,525                                             1                                                     0.11(0.07)\[0.14\]   0.43                 1      0.45   1      

**Notes**

Nucleotide position is based on chromosome 3 and 15, NCBI Genome Reference Consortium Human Build 38.

Minor allele frequency: Combined (Case) (Control).

SNPs with the strongest observed association.

**Abbreviations:** *BCHE*, Butyrylcholinesterase; *CHRNA7*, Cholinergic Receptor Nicotinic Alpha-7 subunit; FDR, false discovery rate; MAF, minor allele frequency; NCBI, National Center for Biotechnology Information; ND, no data for *p*-values because of allele distribution; SNP, single-nucleotide polymorphism.
